Background
Introduction
Acute kidney injury requiring dialysis (AKI-D) has increased considerably over the last 15 years [1] . The national rise in incidence of acute kidney injury (AKI) has several ramifications in terms of cost to the health services resulting not only from cost of therapy but also from the later consequences of AKI including development of chronic kidney disease and cardiovascular disease [2] [3] [4] . Though mortality in less severe forms of AKI has decreased over last 15 years, this is not case for the most severe form of AKI, which has remained unchanged in the last decade in England [1, 5] . In recent years, it has become clear that even the national incidence and case-fatality of AKI may be subject to regional variation [6] . Understanding the reasons for this variation may be a key step in developing strategies to achieve improvement. In other areas of healthcare, principally surgery, it has been reported that unwarranted variation is due to factors other than patient characteristics including access to care, socioeconomic factors, provider capacity, medical malpractice pressure, and different local practices [7] [8] [9] [10] [11] . Despite the public health burden of AKI-D in England, it is unclear if regional variation exists in AKI-D despite the existence of a single National Health System (NHS).
To address this gap in knowledge, we combined a national database of hospital admissions and discharge with census data from office of national statistics over a period of 15 years to determine the variation as well as trends over time in the regional incidence and case fatality of AKI-D in English regions. We also explored determinants of the regional variation in AKI-D.
Materials and Methods

Data source
The data for 2000-2015 was extracted from the Hospital Episode Statistics (HES), a data warehouse containing details of all admissions at NHS hospitals in England. As described previously, we extracted HES data as a finished discharge spell, which is defined as the total continuous completed in-hospital stay of a patient on premises controlled by a health-care provider during which medical care is the responsibility of one or more doctors [1] . To reduce the risk of bias, we excluded patients who did not have a documented discharge outcome in the HES database, as they would be categorized as alive in HES database.
Definitions
We identified all cases of AKI by using validated International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM) codes for acute renal failure in any diagnoses codes, in keeping with the objective of the study. As described previously, patients with AKI-D were identified by including procedure code for hemodialysis (X40.3) or hemofiltration (X40.4) in any of the 24 procedures [1] . Patients' with chronic kidney disease (CKD) starting long-term dialysis (N18.5) and end stage renal disease (N18.6) were excluded. Procedure codes for AVF (L74Á2) or AVG (L74Á3) during the inpatient admission were also excluded. The algorithm has been shown to be sensitive and specific, with a high positive and negative predictive value (all >90%) [12] . HES data stratifies patient location into 16 different regions. The geographic regions in England were stratified as per the Office of National Statistic (ONS) into nine regions: North East, North West, Yorkshire and Humber, East Midlands, West Midlands, East of England, London, South East and South West. Patients in geographical locations outside these nine regions were excluded. Patients who were not discharged during the study period were excluded. We also obtained all completed hospital discharges from each region to estimate the effect of hospitalization on AKI-D incidence rates, along with number of qualified nephrologists in each region from 2000 to 2015 from Health and Social Care Information Centre in the annual census of medical staff in the NHS.
Outcome measures
We obtained data on patient demographics, details of hospital admission and discharge, length of stay, comorbidities and operations from the HES database. We obtained mid-year population data for each region in each year from 2000 to 2015 from the ONS to obtain population incidence of AKI-D for each region.
Validation
The National Confidential Enquiry in Patient Outcomes and Death validated ICD-10 codes for AKI and found 74Á1% sensitivity, 96% specificity, 90Á9% positive predictive value and 87Á2% negative predictive value for identifying AKI in NHS hospitals in England [13] . Similarly, another study performed in England found excellent positive predictive value for ICD-10 N17 codes when compared against the KDIGO criteria for AKI with no suggestion of marked changes in coding of AKI between 2005 and 2010 [14] . Charlson's comorbidity index (CCI) greater than five were grouped into one category as described previously [15] . Method of admission was defined as one of elective admission; emergency admission; maternity admission; other admission or unknown. Ethnicity was grouped into six categories as White, Mixed, Asian, Black, other ethnic groups and ethnicity not stated/unknown. AKI in diagnosis codes were categorized into ' AKI in primary diagnosis code' , ' AKI in secondary diagnosis code' and ' AKI in other diagnoses codes' as per the presence of ICD10 codes of N17. Continuous variables are reported as mean with 95% confidence interval; these were compared with the t-test under the Central Limit Theorem. Categorical variables are presented as proportions and compared with the chi square test. We created a multivariable logistic regression models using hospital discharge status as outcome and region as the predictor for three five-year periods: 2000-05, 2005-10, 2010-15, adjusting for gender, age group, period of admission, AKI in diagnoses codes, admission method, CCI and ethnicity. We used London as the reference region for all our analyses. We also performed multivariable logistic regression for each region, adjusting for the above variables, to assess if adjusted casefatality improved in a defined region over a period of 15 years. We used the year period 2000-01 as the reference. Patients with missing data were excluded from analysis. The sensitivity of the findings was examined by performing the analysis by excluding unknown ethnicity and also, using CCI as continuous variable. We investigated the difference in the effect size with improvement in ethnicity recording in HES (see appendix 1). The study protocol was deemed exempt from ethical approval because the research involved non-identifiable information, previously collected in the course of normal care and available for public use. The study was conducted according to the principles expressed in the Declaration of Helsinki.
Statistical analysis
This study is registered with ClinicalTrials.gov, number NCT02675296
Results
There were 203,758,879 completed discharges in England between 1 st April 2000 and 31 st March 2015. Of these, we identified 54,680 patients who had AKI and required dialysis (Fig 1) . After excluding a small number (311 patients were duplicates, 4 patients were missing gender, 113 patients did not have age recorded), we included 54,252 persons with AKI-D for final analysis.
Variation in demographic characteristics
The demographic characteristics of persons with AKI-D in each region are presented in Tables  1 and 2 
Regional variation in population incidence of AKI-D
In the period 2000-01, the population incidence of AKI-D was lowest in Yorkshire at 7Á9 per million people (pmp) and highest in the West Midlands at 25Á6 pmp with a regional variation, defined as the ratio of maximum to minimum incidence, of 3Á3 fold (Fig 2) . Over 15 years, the number of cases and population incidence of AKI-D increased in all regions. In 2014-15, the population incidence was highest in London at 157Á8 pmp and lowest in the South West at 119Á5 pmp. The regional variation decreased to 1Á3 fold (p<0Á001 versus 2000-1). During the study period from 2000-01 to 2014-15, Yorkshire had the greatest increase in incidence of AKI-D (16Á5 fold) as compared to the South West (5Á1 fold), which had the smallest increase. From 2011-15, London continued to have highest incidence of AKI-D reaching a peak in 2012-13 at 166Á6 pmp.
Regional variation in incidence of AKI-D expressed per hospitalization
Yorkshire had the lowest incidence of AKI-D when expressed per 100,000 hospital discharges amongst all regions for 13 years of the 15-year study period (Fig 3) . In the year 2000-01, the incidence of AKI-D was highest in the West Midlands at 11Á6 per 100,000 hospital discharges and lowest in Yorkshire at 3Á2 cases per 100,000 hospital discharges, with a regional variation of 3Á6 fold. This regional variation decreased to 1Á6 fold in 2014-15. Yorkshire had a 12Á6-fold increase in AKI-D over the 15-year period from 3Á2 to 41Á3 cases per 100,000 hospital discharges. The South West had only a 3Á9-fold increase in AKI-D from 10Á3 to 39Á9 cases per 100,000 hospital discharges. From 2008 to 2014-15, London continued to have the highest incidence of AKI-D per 100,000 hospitalizations, reaching a peak in 2012-13 at 70 cases per 100,000 hospital discharges.
Regional variation in unadjusted case-fatality in AKI requiring dialysis
The unadjusted case-fatality was lowest in the East of England (23Á7%) and highest in the West Midlands (37Á8%) in 2000-01 (Fig 4) . The South West had the lowest unadjusted case-fatality from 2008-09 to 2014-15, while the North West had the highest unadjusted case-fatality from 2010-11 to 2014-15, reaching 52Á8% in the later year. Unadjusted case-fatality increased in all regions over 15 years, with London having the greatest increase from 26Á1% to 46Á1%. The lowest increase was in the West Midlands, from 37Á8% to 45Á2%. In the last five-year period, North West had highest unadjusted case-fatality. 
Multivariable adjusted case-fatality
Adjusted case fatality in each region over 15 years
As compared to 2000-01, the multivariable adjusted case-fatality did not improve in any of the 15 years in London, the North East, Yorkshire, East of England and the South East (Fig 6) . The 
Nephrology workforce
The density of nephrology workforce increased in all regions during the first 12-years of the study period after which most regions showed a decline in nephrology workforce (S1 Table) .
The East Midlands had the lowest density of nephrologist per 100,000 people from 2000 to 2008. London had the highest number of nephrologist per 100,000 people in each of the periods studied, reaching highest levels in 2014-15 at 6Á31 per 100,000 people, while the South East had the lowest density of Nephrologists in 2014-15 at 1Á86 per 100,000 people. There was a positive correlation between the nephrology workforce density and population incidence of AKI-D in all regions, the highest being in East Midlands, r = 0Á923, p < 0Á001.
Discussion
This study is the first to investigate regional variation over time in the epidemiology of AKI-D in a single healthcare system over a period of 15 years. We found significant regional variation in the population incidence and case-fatality of AKI-D in each year of the study period. The adjusted case-fatality remained high in the North East followed by London in all three five-year periods but decreased in most other regions during the last ten years. However, within the regions, there was no improvement in adjusted case-fatality in 2014-15 as compared to 2000-01. 
Implications of variation in incidence
This study shows that there was considerable variation in the regional population incidence of AKI-D that has decreased over 15 years but remains significant. The incidence of AKI-D per 100,000 hospital discharges showed a similar trend. Some of the regional variation may be accounted for by differences in population demographic characteristics but this in unlikely to explain all of the variation. For example, London had the lowest population age but the highest incidence of AKI-D in 2010-15. Other factors that may have influenced the incidence of AKI-D include access to primary care physicians, effectiveness of strategies to prevent AKI or availability of nephrology services and dialysis. Hsu and colleagues also reported considerable regional variation in the incidence AKI-D in the United States. However, the study did not evaluate temporal changes in regional epidemiology and also lacked detailed geographical granularity as only four regions were analyzed [6] . The study found that the region with most nephrologists had lowest incidence of AKI-D though some of this variation could be attributed to the additional factor of multiple private healthcare providers. They also found that the region with highest incidence of persons with AKI-D had the lowest case-fatality. These findings are in contrast to our study where London had the highest incidence of AKI-D, highest case-fatality and the greatest number of nephrologists per 100,000 population. The importance of identifying variation in the incidence of AKI-D that is not attributable to population demographics is that it implies that incidence could be reduced in some regions by addressing the factors responsible for variation.
Regional variation in case-fatality
We found considerable variation not only in the incidence of AKI-D, but also case-fatality. While no region showed a sustained improvement in adjusted case-fatality, temporary improvement was seen in some regions and the relative case fatality in regions changed over time. Yorkshire had the lowest incidence of AKI-D per hospitalization but the highest unadjusted case-fatality in the last five years. In this analysis we were able to adjust for important patient characteristics and the observed variation in case-fatality was therefore independent of these. Several factors may contribute to variation in the case-fatality associated with AKI-D including variation in the timeliness of diagnosis and intervention, variation in distribution of nephrology departments that provide acute dialysis and variable delay in transfer to dialysis centers [16] . The North East and North West regions had a significantly higher proportion of persons with AKI-D in intensive care and this may indicate either increased severity of illness or lack of acute dialysis in nephrology units. Timing of initiation of dialysis could be another factor though there is no agreed threshold for commencing dialysis in AKI and this has been subject to many studies in critically ill patients [17, 18] . Though some studies have reported encouraging reduction in variation, this is not uniform for many other diseases [19] [20] [21] . In this study, the decrease in the variation in incidence of AKI-D is encouraging, but the observed variation in case-fatality independent of patient characteristics suggests that survival could be improved by addressing factors responsible for the variation. This is particularly important, because the lack of specific treatments for AKI implies that the best option to improve outcomes at present is to improve the quality and timeliness of supportive care
Strengths and limitations of the study
This study has several notable strengths. Coming from a universal healthcare system, this analysis provides significant insight in the regional epidemiology of AKI-D and unlike studies in other health care systems, is unlikely to have been influenced to the same extent by capitation or variation between different healthcare providers. This study interrogated the HES dataset, which consists of routinely available data that is used for investment, activity and monitoring outcomes of the whole population in need and not just those who make contact with a particular service. Several limitations should be considered when interpreting these findings. First, we were unable to assess the degree to which regional variations were influenced by physician preference or procedural appropriateness. Second, these results were not linked to specific healthcare centers and we were therefore unable to assess the impact of availability of acute dialysis services. Third, we were unable to adjust for unknown confounders, which may influence analysis in any observational study. This is particularly true for the population incidence.
Conclusions
Within a single national health service, we have observed considerable regional variation in the incidence and case fatality associated with AKI-D that was not entirely attributable to variations in demographic or other identifiable clinical factors. The extent of regional variation has decreased over the past 15 years but remains significant. This robust observation makes a compelling case for further research to elucidate the reasons for the variation to identify modifiable factors and interventions that may reduce the incidence and case fatality in all regions to levels observed in the best-performing regions. 
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